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Detection of Charge-Neutral Near-Equilibrium Processes at
Na-Metal Electrodes by Electrochemical Microcalorimetry

Franziska Karcher, Matthias Uhl, Tanja Geng, Timo Jacob, and Rolf Schuster*

Investigations on electrochemical kinetics usually rely on the measurement of
current or potential as a function of time. Charge-neutral process steps or side
reactions are naturally disguised in the electrical signals and have only indirect
impact. However, all processes will contribute to heat evolution. In this work,
heat absorption/liberation is measured as a function of time for pulsed Na
deposition/dissolution on a Na-electrode in a 1 M NaPF,/diglyme solution, in
addition to the standard electrochemical signals. While potential and current
transients both exhibited sharp rectangular shapes, indicating instantaneous

reduction is accompanied by desolvation
of metal ions, ion transport through the
solid electrolyte interphase (SEI), and
possibly also by ongoing SEI formation
processes.!?] In addition, also charge-
neutral processes such as phase trans-
formations, reordering of the interphase,
or changes in the solvation state of ions
near the electrode may occur. Since such
charge-neutral processes do not con-

electrochemical Na deposition or dissolution on the time scale of the pulse
(10 ms), heat absorption or liberation continued up to about 0.5 s after the
pulse. Since heat evolution is to large extent reversible, this corresponded to
entropy changes in the absence of external electric current flow, pointing to a
reversible, charge-neutral chemical process accompanying Na deposition or
dissolution. From the observed entropy changes, it is suggested that upon Na
deposition solvated Nat ions are instantaneously transferred into the outer
layers of the solid electrolyte interphase, followed by slow desolvation.

1. Introduction

The charging of battery electrodes is usually a complicated
multistep process. Even for simple alkali metal electrodes the
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tribute to the current, they are usually
not directly detectable by electrochemi-
cal methods, although they might indi-
rectly influence the charge transfer pro-
cesses, for example, by changing the ki-
netics of the metal deposition processes.
In situ methods such as X-ray diffrac-
tion or X-ray absorption spectroscopy
are probably suitable to investigate such
charge-neutral side processes, although
their application might be hampered by
limited time resolution and sensitivity.

A promising alternative is to measure thermodynamic quan-
tities such as the heat flux, which evolves at the electrode dur-
ing a reaction.l*] Recently, we presented a study on sodium bulk
metal deposition and dissolution from diglyme and propylene
carbonate-based electrolytes.l’) We determined the heat, which
was liberated or absorbed during the electrochemical reactions at
a Na metal electrode with a specially designed microcalorimeter,
where the temperature of a thin working electrode is measured
at its backside with a pyroelectric sensor (see Refs. [4,6] and Sup-
porting Information for the principle of the measurement). In
that study, we focused on thermodynamic properties like the sol-
vation entropy and the entropic contribution to the free enthalpy
of the cell reaction and the half-cell potential, which were derived
from the reversibly exchanged heat upon pulsed Na deposition or
dissolution for 10 ms. While these quantities were obtained from
the overall exchanged heat on a freshly prepared sodium surface,
we observed that on aged Na electrodes considerable heat flux
continued up to about 0.5 s after the current pulse, without exter-
nal current flow, thus signaling charge-neutral processes follow-
ing the electrochemically driven reduction or oxidation reaction.

In the current contribution, we will in detail discuss the time
dependence of the heat flux at a Na metal electrode upon Na de-
position or dissolution driven by short 10 ms potential pulses
and disentangle the heat into the individual contributions from
the different reaction steps of Na deposition/dissolution on an
SEl-covered Na electrode. We will show that the heat flux is es-
sentially reversible, that is, it changes its sign and retains its
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magnitude upon reversing the current direction, which points
to near-equilibrium processes for all reaction steps. Albeit with
freshly prepared Na electrodes, the “delayed” heat, generated
without external current flow, amounted only to about 10% of the
total heat, it increased to about 30% and more for properly aged
electrodes. This signals considerable influence of the state of the
electrode surface on the kinetics of the Na deposition or dissolu-
tion reaction. Finally, we will present a phenomenological model,
which points to desolvation as a possible candidate for a charge-
neutral process and which may explain heat evolution/absorption
without electrochemical current flow.

2. Results and Discussion

2.1. Current, Potential, Temperature, and Heat Transients at a Na
Metal Electrode

The single-electrode microcalorimetry experiments were con-
ducted on ca. 3.7-um thick Na layers, which were electrochem-
ically deposited onto a dendritic Cu current collector (see ex-
perimental section and Supporting Information). For all exper-
iments presented here, we chose 1 M NaPF, in diglyme as elec-
trolyte, since a stable SEI can be formed in this system (see
Refs. [2,3,5,7-9] and references therein). The two upper panels
of Figure 1a,b show potential and current transients upon 10 ms
potential steps of + 100 mV amplitude, causing Na deposition
and dissolution on the Na layer, which in this case was completely
dissolved and redeposited five times prior to the microcalorime-
try experiment (in the following, this is called “aged” Na sur-
face). The current and potential pulses nicely coincide and exhibit
a rectangular shape, showing that Na deposition or dissolution
proceed without relevant mass transport limitations or depletion
of the electrolyte on the timescale of the 10 ms pulse. After the
pulse, at t = 20 ms, the cell was switched to open circuit con-
ditions (OCP) and the potential immediately (within the 10 us
time resolution of the data recording) jumped to <10 mV devi-
ation from the equilibrium potential and further relaxed to zero
within the next 1 ms. It is noteworthy that the total charge, which
flowed during the potential pulses, amounts to only 13 uC cm~2,
which corresponds to deposition or dissolution of only 6% of a
hypothetical Na monolayer.

The temperature changes as a function of time, measured
at the backside of the electrode, are plotted in the third row of
Figure 1a,b. Since in our home-built microcalorimeter, both, the
electrode and the sensor are thin (total thickness of electrode-
sensor assembly ca. 120 um) and all materials are in intimate
thermal contact, any temperature gradient across the electrode-
sensor assembly, evolving from heat uptake at the electrode sur-
face, will equilibrate rather quickly (within ca. 100 ps, see Sup-
porting Information).[’] Therefore, the sensor essentially moni-
tors the electrode’s surface temperature during the experiment.
Thus, the linear temperature fall (for deposition) or rise (for dis-
solution) in Figure 1 directly signal heat absorption or libera-
tion, respectively, with approximately constant heat flux during
the 10 ms electrochemical reaction at the electrode surface. This
is in accordance with the current transients in the second-row
panels of Figure 1, which show constant reaction current dur-
ing the potential pulse. After the pulse, at t = 20 ms, the elec-
trochemical reactions cease and the temperature of the electrode
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Figure 1. Potential (blue), current (black), temperature (orange), and heat
(red) transients upon Na deposition a) and dissolution b) in 1 M NaPFg
in diglyme with a 10 ms potential step, starting att = 10 ms at OCP. The
experiments were conducted at an aged Na surface. After the potential
pulse, at t = 20 ms, the cell was again switched to OCP, thus suppress-
ing any external current flow. The electrode temperature falls/rises about
linearly during the potential pulse and relaxes toward its starting tempera-
ture after the pulse. The heat transients signal significant heat absorption
a) or liberation b) also without external current flow. For comparison, we
included the temperature transient following a 10 ms iron reduction in a
[Fe(CN)¢]>~*~ solution, which clearly shows faster relaxation of the tem-
perature than for Na deposition (pink dashed line in b)). To demonstrate
reversibility of the Na deposition, we included the heat transient of b) with
inverted sign in panel a) (green dotted line).

subsequently relaxes toward its starting temperature, due to heat
dissipation into the surrounding cell and electrolyte. Heat dissi-
pation into the electrolyte is expected to proceed much slower
than temperature equilibration in the electrode-sensor assem-
bly, due to the appreciably lower heat conductivity of the elec-
trolyte, compared to that of the electrode-sensor assembly.l®! At
first sight, heat dissipation seems to explain the temperature re-
laxation in Figure 1. However, for a more detailed comparison,
we included the temperature variation for one of the fastest EC
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reactions,'%) the reduction of [Fe(CN),]*~ to [Fe(CN)4]*~ in aque-
ous electrolyte, as pink dashed line in the temperature panel of
Figure 1b. With this reaction, the heat evolution stops immedi-
ately at the end of the current pulse. The depicted temperature
transient was recorded in the same setup, directly following the
Na experiments and was also used for calibration of the heat scale
(see Ref. [5]). It can be clearly seen that the temperature relax-
ation following the electrochemical Fe reduction is considerably
faster than that observed for Na deposition or dissolution. This
strongly suggests that heat liberation or absorption is continu-
ing in the case of Na deposition or dissolution also without ex-
ternal current flow. This becomes clearer by explicitly plotting
the liberated or absorbed heat as a function of time, which can
be obtained by deconvolution of the temperature signal with the
thermal response function of the microcalorimeter (see Support-
ing Information and Refs. [6,11]). In the following, positive heat
means transfer of heat from the surrounding to the electrode sys-
tem in an ideal isothermal experiment. In an adiabatic experi-
ment, heat is withdrawn from the electrode system, which would
correspond to cooling. In the (quasi-adiabatic) single electrode
microcalorimetry experiments, the temperature variation is typ-
ically in the range of pK to mK and hence, the experiment can
be assumed to be conducted isothermally to a very good approxi-
mation. The resulting transients of the heat as a function of time
are shown in the fourth rows of Figure 1. Obviously, about 30%
of the heat at t = 100 ms is generated or absorbed without any
external current flow for the experiment in Figure 1, that is, after
the end of the current pulse at t = 20 ms. It should be noted that
although in Figure 1 the data are plotted only up to t = 100 ms,
we generally determined the heatup to t = 0.5 s. Indeed, for the
experiments in Figure 1 heat evolution continued also after t =
100 ms so that finally, at 0.5 s, ca. 50% of the heat was generated
after the current pulse (see results below). The heat transients
are highly reversible, which means that only their signs change
upon reversing the current flow, whereas the overall shape and
magnitude remain. To demonstrate this, we inverted the sign of
the heat transient in Figure 1b and included it as dotted line in
Figure 1a. The small difference may be ascribed to different con-
versions during the positive and the negative potential pulses as
well as to a small contribution of irreversibly exchanged heat.
The latter may be attributed to the overpotential of the charge
transfer reaction, to concentration overpotential, due to emerg-
ing concentration gradients, or to Joule heat from ion migration
in solution.[*?]

2.2. Determination of the Reversible Heat g,,, and Entropy
Changes as a Function of Time

For further discussion, we will derive the time-dependent, re-
versibly exchanged heat from the experimental data. The re-
versibly exchanged heat, g,.,, determines the entropy change of
the system, due to heat transfer from the surrounding, dS =
% In an isothermal half-cell system, it can be readily inter-
preted in terms of entropy changes due to (electro-) chemical pro-
cesses inside the system. For example, this is in detail shown in
a seminal review by Agar.’¥! From rearrangement of equation
11 in Ref. [13] and adaption to the notation used here (see Sup-
porting Information), it follows that the reaction entropy, Ay S, of
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the (electro-)chemical process is balanced by the entropy change
from reversible heat transfer from surrounding, q,.,/T, plus the
net entropy of transfer, A;S, due to the transport of heat by the
migration of ions in the electrolyte and by electrons in the con-
ductor across the border of the half cell'213;

AgS =A; S+ qT (1)

Equation (1) is formulated with molar quantities, normal-
ized to the electrochemical conversion, that is, the charge that
flowed in the outer cell circuit during the potential pulse. Equa-
tion (1) can be readily transferred to time-dependent variables,
with ApS(t) representing the entropy change up to time t by
the (electro-)chemical reactions, A S(t) stating the net entropy
of transfer and q,.,(t) the reversibly exchanged heat at time t. In
the limit of long times, lim, . Ay S(t) then corresponds to the
conventional reaction entropy of the overall (electro-)chemical
reaction.

In order to determine the reversibly exchanged molar heat at
time ¢, g,.,(), we have to remove irreversible heat contributions
due to overpotential and Joule heat from the heat transients. To
accomplish this, we conducted typically more than 30 single mi-
crocalorimetry experiments for each investigated system, analo-
gously to those in Figure 1, with varying potential pulse ampli-
tudes and polarities and thus varying contributions from irre-
versibly exchanged heat. We normalized the heat measured at
time ¢ in a single microcalorimetry experiment by the charge,
which flowed in the outer cell circuit during the 10 ms potential
pulse. This normalized heat refers to the electrochemical con-
version, that is, to moles of elementary charges, which flowed
in the outer cell circuit during the potential pulse. Exemplarily
two sets of the normalized heat values, at t = 20 ms and t =
100 ms, from 39 single microcalorimetry measurements on the
aged Na surface used in Figure 1 are shown in Figure 2 as a func-
tion of the pulse amplitude. In accordance with the common sign
convention, the normalized heat for the cathodic reaction, which
corresponds to Na deposition, is plotted. Thus, positive normal-
ized heat corresponds to cooling of the electrode upon negative
potential pulses or heating upon positive ones. It can be seen
from Figure 2, that with increasing absolute value of the pulse
amplitude, the half cell becomes hotter per mole of charge for
more positive pulses and less cold for more negative ones, sig-
naling the evolution of heat due to irreversible processes. For
the quantitative determination of the reversibly exchanged heat
at times ¢t = 20 ms and ¢t = 100 ms, we interpolated the corre-
sponding data in Figure 2 to zero overpotential, that is, zero pulse
amplitude (dashed vertical line in Figure 2, filled symbols). One
may argue that the reaction rates for forward and backward di-
rection, that is, for different pulse polarities, might strongly dif-
fer and that therefore the extrapolation of the normalized heat
at a given time ¢ toward zero overpotential should be conducted
independently for both pulse polarities. However, here we con-
sider a near equilibrium process, where the system is relaxing
to equilibrium after a short, relatively small perturbation (the to-
tal conversion for the data in Figure 2 is between 3% and 10%
of a monolayer of Na on a hypothetically flat Na surface). For
small enough perturbations, the relaxation into equilibrium pro-
ceeds exponentially with relaxation times that are a function of
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Figure 2. Normalized heat, that is, heat divided by moles of elementary
charges, which flowed in the outer cell circuit during the potential pulse,
extracted at t = 20 ms (red open circles) and 100 ms (blue open dia-
monds) from the heat transients of potential pulse experiments on an
aged Na surface with different pulse amplitudes and polarities. The in-
terpolation toward zero overpotential (dashed vertical line) yields the re-
versibly exchanged molar heat at the electrode for t = 20 ms and 100 ms
(filled symbols). Positive sign means heat transfer from the surrounding
to the electrode upon the cathodic electrode reaction in an isothermal
experiment.

both, forward and backward reaction rates!' and which are in-
dependent of the direction of the reaction. This justifies the si-
multaneous extrapolation of the normalized heat at a given time
t toward zero overpotential for both positive and negative poten-
tial pulses. From the exemplary interpolation procedure for the
datasets in Figure 2 we obtained g¢,.,(20 ms) = 37 k] mol™! and
Grey (100 ms) = 58 k] mol~!.

The above interpolation procedure was repeated for all times
between the beginning of the electrochemical reaction up to
500 ms in time steps of 2 ms. The brown line in Figure 3 shows
the result for the reversibly exchanged molar heat for Na deposi-
tion as a function of time for the aged Na surface of Figure 1.
As stated in Equation (1), g,., is directly correlated to the en-
tropy change of the (electro-) chemical reaction. However, pos-
sible contributions originating from transport processes in the
NaPF, /diglyme electrolyte have to be considered as well. These
are in detail discussed in Ref. [5]. Since experimental values for
the heat of transport of Na* and PF,~ in diglyme are not available,
we employed the approximation suggested by Agar,'*! which
yielded —5.3 k] mol™! for the transport contribution to the heat
from ion transport by migration, which is much smaller than
the observed reversibly exchanged heat (up to ca. 75 kJ mol™
in Figure 3). Furthermore, ion migration ceases after the poten-
tial pulse and the (small) concentration gradients of NaPF, in
the electrolyte will equilibrate by diffusion, eventually canceling
the heat of transport. Thus, neglecting contributions from the
heat of transport will not change the overall picture and the re-
versibly exchanged heat corresponds to a good approximation
to the time-dependent entropy change caused by the reaction:
AR S(t) ® ¢, (1)/ T. In Figure 3, AxS(t) is included as right axis.

It is evident from Figure 3 that only about 50% of the total
heat or entropy change at t = 0.5 s evolved during the 10 ms
current pulse for Na deposition on an aged Na surface. Since
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the cell was switched to OCP att = 20 ms, the rest of the en-
tropy change occurred without any external current flow, which
indicates a reversible and charge-neutral process, that is, with-
out net charge transfer across the electrolyte-solution boundary,
following the electrochemical reaction step. To elucidate possi-
bly involved reaction steps, similar data for a freshly prepared
Na surface as well as for a Na surface deposited after cycling
down to —0.3 V versus Na/Na* prior to deposition of a thick
Na film, are included in Figure 3 (for details on the surface
preparation, see experimental section). On the freshly prepared
Na surface (red), most of the reversibly exchanged heat or en-
tropy change (ca. 90%) evolved up to the end of the current
flow at t = 20 ms (indicated by the vertical dashed line) and
the heat flow effectively ceased at t = 100 ms. In contrast, for
the surface pretreated with negative potentials (green) the part
of the heat, absorbed during the current pulse, amounts to only
about 10%, while 90% being absorbed without external current
flow.

Albeit the temporal distribution of the heat absorption strongly
varies for different surface preparations, the total amount of
heat at the end of the measurement at 0.5 s reaches about
the same value of 70-80 k] mol™'. In Figure 3, we included
error bars for ¢t = 100 ms and t = 0.5 s, representing the
standard deviation from 18 microcalorimetry measurement se-
ries on four different, freshly prepared Na surfaces. As ex-
pected, due to thermal drift, the error increases significantly
for longer times. Considering the increasing baseline error for
longer times, our data imply that for long times t > 0.5 s all
heat transients will asymptotically reach about 75 k] mol™! cor-
responding to a net reaction entropy of about 252 ] mol~! K~!
(ignoring transport contributions). This strongly supports that
for all three surface preparations in Figure 3 the same net re-
versible reaction occurs, where solvated Na* ions are reduced
and eventually deposited as bulk Na. Side processes such as
SEI formation or reduction of water contaminations can be
safely neglected since they presumably proceed irreversibly. Even
if they proceeded reversibly, different total AyS values would
be expected, depending on the surface state and rate of side
reactions.

80 FF
250
70 |-
< 60 200 >
e 3
€ 50 | Y
2 150 =
Z 40 P
= 3
s 30 100 2,
S xA
20 - —— fresh Na 150 N
10 - —— aged Na
—— negatively pretreated Na
0Ok 1 1 | | H0
20 100 200 300 400 500
time t/ ms

Figure 3. Reversibly exchanged molar heat as a function of time upon Na
deposition or dissolution with 10 ms potential pulses for three different
surface preparations, a fresh Na film (red), an aged Na film (brown), and a
Na film on a negatively pretreated electrode surface (green). The pretreat-
ment has strong influence on the amount of heat absorption/liberation
after the current flow (¢t > 20 ms).
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Na-bulk SEI

electrolyte

Figure 4. Phenomenological model of the sub processes of the electro-
chemical Na deposition on an SEI covered electrode. (Partly) solvated Na™*
is transferred from the bulk of the electrolyte solution in the SEl iii), where
it is transported by ion migration ii) and eventually reduced i). From our
measurements we conclude that these electrochemical steps proceed fast,
within the 10 ms potential pulse. In parallel slow chemical desolvation of
the Na* ions takes place iv).

2.3. Implications for the Reaction Steps of Na Deposition and
Dissolution

Summarizing the results so far, we observed that Na metal depo-
sition proceeds via at least two partly overlapping reversible pro-
cesses, an electrochemical process, where charge is transported
across the electrode-electrolyte boundary, and a slower close-to-
equilibrium process, where heat is liberated or absorbed without
external current flow and whose kinetics is strongly influenced
Dby the surface preparation of the Na-surface. The net reaction en-
tropy, AgS, is positive and independent of the surface prepara-
tion. Furthermore, the quasi-instantaneous potential relaxation
toward the equilibrium potential after the potential step (see
Figure 1), which was observed for all three surface preparations,
signals that the charge carriers reached their equilibrium distri-
bution in the interface immediately after the end of the current
pulse. Note that at equilibrium the potential drop across the ion-
ically conducting SEI will be zero, since otherwise the Na* ions
would redistribute in the SEI and the potential relaxation would
continue. For the equilibrium charge distribution the potential
will thus solely drop at the metal/SEI and SEI/electrolyte inter-
faces, where double-layer-like charge distributions will evolve.

How can such sub-processes be conceived within the frame-
work of an overall Na deposition process? As sketched in Figure 4,
slightly extending the mechanism suggested in Refs. [9,15], Na
deposition on a Na surface may be formally divided into four
phenomenological steps: i) the basic electrochemical reduction
of Na* to Na at the interface between the SEI layer and the Na sur-
face by electrons from the electrode, ii) the transport of Na* ions
in the SEI, and iii) the transfer of Na* ions from the solution into
the SEI. These steps are accompanied by iv) the desolvation of
the Na* ions. The first three steps are of electrochemical nature,
involving charge transfer across a phase or phase boundary. The
desolvation step is purely chemical and does not involve trans-
fer of charge. A priori it is not clear, where and when desolvation
occurs. In one extreme, it will happen in parallel with process
iii), the incorporation of the Na* from solution into the outer SEI
layer. In the other extreme, solvated Na* may be incorporated into
the SEI and the ions will desolvate only upon reduction of Na* at
the metal surface.

Adv. Energy Mater. 2023, 2302241 2302241 (5 Of7)
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The origin of the entropy changes during Na metal deposition
in NaPF, /diglyme was discussed in detail in Ref. [5]. There it
was found that the overall entropy change of 234 ] mol~! K~1[1¢]
is dominated by desolvation of Na*, that is, by liberation of sol-
vent molecules in the first solvation shell (191 ] mol™' K™') and
release of Born entropy from higher solvation shells (81 ] mol !
K1), which strongly overcompensate the entropy loss by fixa-
tion of Na at the electrode (—37,5 ] mol™ K™'). Thus, most of
the entropy changes upon Na deposition can be attributed to the
desolvation step (formal step iv) from above), while the electro-
chemical reaction steps (formal steps i) to iii)) will affect only
the entropy change upon the fixation of Na. In other words, the
temporal behavior of the entropy change Ay S(t) in Figure 3 pre-
dominantly signals the progress of desolvation step iv). In con-
clusion, for the aged or negatively pre-polarized Na surface in
Figure 3 (brown and green lines), where most of the heat was
absorbed after the potential pulse, the desolvation process pro-
ceeded to a large extent after the electrochemical current flow.
In addition, it is unlikely that Na* reduction at the SEI/electrode
interface (process i)) or transfer of Na* from solution into the
SEI (process iii)) significantly continued after the current pulse,
since in the absence of external current flow this would lead to
discharging of the corresponding interface capacitances and thus
to significant changes of the electrode potential.l Therefore, the
electrochemical steps proceeded fast, that is, within the 10 ms
current flow, without significant charging of the interface capac-
itance. As a consequence, the amount of Na* ions reduced at the
SEl-electrode boundary has to match the amount of Na* ions en-
tering the SEI from the solution side during the 10 ms current
flow.

This apparent contradiction between fast Nat transfer from
solution to the SEI and slow desolvation can be resolved, assum-
ing the transfer of (at least partly) solvated Na* from the solu-
tion into the SEI during the potential pulse. This way, charging
of the SEI during the potential pulse is avoided and desolvation
entropy is not produced yet. Such a transfer of (partially) sol-
vated Na* into the SEI also naturally explains the dependence
of AgS(t) on the pretreatment of the surface. The pretreatment
influences the structure and porosity of the SEI and therefore
the degree to which the solvation shell may be transferred to the
SELI15] Tt is also reasonable to expect that the temporal behavior
of the heat evolution will depend on the employed solvent and
electrolyte, since the degree of solvent incorporation into the SEI
will strongly depend on the cell chemistry, because of both, the
varying composition and structure of the SEI as well as the na-
ture of the incorporated solvent molecules. Jensen et al. studied
the solvation of Na* in diglyme by neutron diffraction.'’”] They
found that the solvation structure of the prevalent Na*(diglyme),
complex may promote the observed cointercalation of Na* and
solvent into graphite. Perhaps similar mechanisms may be oper-
ative also for the proposed transfer of solvated Na* into the SEI
in the presence of diglyme. Indeed, we performed similar exper-
iments on Na deposition in 1 M NaClO, in propylene carbonate
(PC) (see Figure S1, Supporting Information). In this electrolyte
about 90% of the heat evolution occurred during the 10 ms poten-
tial pulse, irrespective of the pretreatment of the Na-electrode sur-
face, implying much less involvement of PC solvent molecules in
the charge-neutral processes continuing after the electrochemi-
cal reaction steps.
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From our experiments, we cannot draw strong conclusions on
where the desolvation process takes place. Note however, that un-
der our experimental conditions (short potential pulses, minute
conversion) desolvation is a reversible process. One may specu-
late that reversible exchange of solvent molecules is more eas-
ily established in the outer SEI, where the SEI may be rougher
or more porous and where the diffusion length is short. For the
SEI in Li-ion batteries such a heterogeneous nature of the SEI
film structure, where a less dense, porous organic layer is cover-
ing a dense inorganic SEI, is well-accepted (Refs. [1,15] and refer-
ences therein). Also for NaPF in diglyme the formation of a thin,
organic-rich layer on top of a compact inorganic SEI largely con-
sisting of Na,O and NaF was found.”] Lim et al. reported a partic-
ularly porous SEI for NaCF, SO, /triglyme electrolytes, whereas in
carbonate-based electrolytes a denser SEI was formed.['®] The lat-
ter observation is in line with our finding that heat evolution be-
comes most delayed in diglyme solutions, while in PC solutions
heat evolution stopped at about 100 ms. The other extreme, that
the solvation shell is retained up to the electrode/SEI boundary,
seems rather unlikely, since in that case desolvation had to pro-
ceed in parallel to reduction of Na*, which contradicts the con-
siderable heat evolution after the potential pulse. Furthermore,
penetration of solvent up to the metal surface would spoil the
electronically insulating effect of the SEI, which is thought to pre-
vent electrolyte reduction. The above-described phenomenologi-
cal model provides a rather simplified view on the Na deposition
process and more sophisticated, generic models, including, for
example, adsorption of Na* ions and double layer charging at the
SEl/solution interface may be needed for a more realistic descrip-
tion of the interface processes.[') However, the general observa-
tion of our experiments, that there is a continuing chemical pro-
cess extending well beyond the purely electrochemical processes,
prevails irrespective of its mechanistic interpretation.

3. Conclusion

Time-dependent detection of the heat evolution or absorption
during the electrochemical Na deposition in NaPF/diglyme re-
vealed that its detailed kinetics is strongly determined by the
actual condition of the surface. Albeit the electrochemical cur-
rent flow suggested the almost instantaneous Na deposition on
a ms time scale, the continuing heat absorption indicates slow
process steps of chemical nature, which are not directly de-
tectable by purely electrochemical measurements. By combin-
ing results from both, pulsed electrochemical measurements
and time-dependent heat measurements, we propose fast electro-
chemical Na* reduction accompanied by almost instantaneous
refilling of the SEI by Na* ions from solution. However, the ac-
companying desolvation of the Na* is a slow process, suggesting
that solvated Na* ions are incorporated in the SEI during the elec-
trochemical current flow such that desolvation is continuing in-
side the SEI. Under our process conditions, that is, with minute
electrochemical conversions, the overall deviations from thermo-
dynamic equilibrium during the chemical desolvation process
remained small, so that the latter process did not lead to sig-
nificant overpotentials during Na* deposition, even on aged or
negatively pretreated Na surfaces. However, this might change
upon continuous charging or discharging conditions where such
slow chemical desolvation processes, which are usually disguised
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in electrochemical measurements, might hinder the transport of
Na* in the SEI. Thus, the transport of Na* across the SEI may
become rate limiting, in line with findings for Li and Na ion
batteries.[1:?20]

4. Experimental Section

Temperature changes at a single Na electrode have been determined in
our home-built microcalorimeterl® 11l (see Supporting information for fur-
ther details), where we measured the temperature at the backside of a thin,
Na-plated Cu current collector with a thin pyroelectric sensor (overall thick-
ness of the electrode-sensor assembly ca. 120 um). At the Na-covered front
side of the electrode, the electrochemical cell body has been mounted. For
the preparation of the reference and counter electrodes (Na wires) and the
electrolyte solutions as well as further experimental details see Supporting
Information and Refs. [5,21] and references therein. Due to the intimate
thermal contact between the sensor and the electrode and the low heat ca-
pacity of the thin sensor electrode assembly, temperature changes at the
electrode surface have been instantaneously measured at the time scale
of the experiment, that is, up to about 1 s with a time resolution of about
1 ms.

The Cu current collector was in situ plated with a ca. 3.7 um thick Na-
layer prior to our calorimetry experiments to provide a well-defined Na
metal electrode as working electrode. The thickness has been estimated
from the deposition charge, assuming a homogeneous Na layer. For the
reproducible preparation of a fresh Na layer with minimum retarded heat
libaration/absorption, we established a procedure, which is described in
detail in Ref. [5] and which essentially consists of 10 times cycling between
3Vand 0V versus Na/Na* followed by electrochemical plating of Na with
a current density of —1.25 mA cm~2 for about 20 min. In microcalorime-
try experiments on this surface about 90% of the heat evolved during the
10 ms potential pulse. Heat evolution essentially stopped at t ~ 100 ms
as shown in Figure 3 (red line). Defined aging of this surface has been
achieved by dissolving and redepositing the Na layer five times, analo-
gously to the preparation of the fresh Na surface. Surfaces obtained by
this procedure reproducibly showed the behavior, tagged “aged surface”
in Figures 1 and 3, where about 50% of the heat flowed after the 10 ms
potential pulse. Negative pretreatment of the surface by cycling the Cu
current collector ten times between —0.3 V and 3 V, before depositing a
thick Na layer by the procedure described above for the fresh Na surface,
yielded even stronger retardation of the heat evolution (denoted as “neg-
atively pretreated” in Figure 3).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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